The dopamine transporter (DAT) controls the spatial and temporal dynamics of dopamine (DA) neurotransmission by driving reuptake of extracellular transmitter into presynaptic neurons. Many diseases such as depression, bipolar disorder, Parkinson's disease, and attention deficit hyperactivity disorder are associated with abnormal DA levels, implicating DAT as a factor in their etiology. Medications used to treat these disorders and many addictive drugs target DAT and enhance dopaminergic signaling by suppressing transmitter reuptake. We now understand that transport and binding properties of DAT are regulated by complex and overlapping mechanisms that provide neurons the ability to modulate DA clearance in response to physiological demands. These processes are controlled by endogenous signaling pathways and affected by exogenous transporter ligands, demonstrating their importance for normal neurotransmission, drug abuse, and disease treatments. Increasing evidence supports the disruption of these mechanisms in DA disorders, implicating dysregulation of transport in disease etiologies and suggesting these processes as potential points for therapeutic manipulation of DA availability.
DAT belongs to the SLC6 family of transporters that couple inward solute transport to downhill movement of Na + and Cl − [1, 2] . Solute translocation occurs by an alternating access mechanism in which the protein cycles between outwardly and inwardly facing conformations that bind and release substrate on opposite sides of the membrane. The kinetics of these conformational changes and the precise structures attained establish transporter velocity and functionality, as the inward conformation normally releases DA to the cell interior, efflux requires binding and outward translocation of intracellular DA, and cocaine binds to the outward facing conformation [3, 4] . DAT also moves ions nonstoichiometrically via channel-like mechanisms, generating currents sufficient to impact membrane potential [5, 6] . As substrate translocation occurs at the plasma membrane, overall transport capacity of DAT is also a function of its surface density.
It is now well established that these transporter activities are regulated by mechanisms that allow neurons to modulate DA clearance rates in response to short-and long-term physiological demands [7, 8] . Many of these processes are interactive or overlapping, and affected by substrates and inhibitors. Regulation is achieved by post-translational modifications and binding partner interactions, with additional layers of modulation imparted by cholesterol and membrane raft association. Increasing evidence indicates that many of these processes are dysregulated in dopamine imbalance disorders, suggesting them as factors in disease etiology and as potential therapeutic targets. Here we discuss some of the most well-characterized of these mechanisms, focusing on events related to acute signaling pathways and transporter post-translational modifications, and conclude with analysis of processes altered in dopaminergic diseases.
Cytoplasmic domain regulatory elements
DAT consists of 12 transmembrane (TM) spanning helices with TMs 1, 3, 6, and 8 forming the substrate permeation pathway. Unwound sections of TM1 and TM6 form the core of the active site and separate the helices into functional segments (Figures 1 and 2A ). Extracellular and intracellular gates above and below the active site dictate inwardly and outwardly facing conformations and control the direction of DA movement [9] . Large Nand C-terminal tails extend into the cytoplasm and contain sites for post-translational modifications, binding partner interactions, and regulatory motifs (Figure 1 ). Great insights on the core structure have been obtained from homology modeling to the bacterial leucine transporter LeuT [1, 10] , but far less is known about the cytoplasmic domains, which are not conserved in LeuT and whose structures have not been solved. The N-terminus contains intracellular gate residue Arg60 which stabilizes the outwardly facing form and has been implicated in control of transport by influencing the conformation of TM1a, which is thought to undergo major structural rearrangements during the outward-to-inward transition [11] [12] [13] . Less is known about the C-terminal domain or its potential impacts on TM12.
The N-terminus undergoes extensive modification by phosphorylation and ubiquitylation. Phosphorylation is catalyzed by different classes of kinases on two distinct regions of the domain. The most well-studied site is a cluster of serines at positions 2, 4, 7, 12, and 13 that undergoes increased phosphorylation by protein kinase C (PKC) activation and by in vitro and in vivo exposure to AMPH and METH [14, 15] . AMPH/METH-induced phosphorylation is PKC-dependent, with kinase activation potentially resulting from druginduced increases in cytosolic Ca 2+ or reactive oxygen species [16] . Within this cluster multiple serines are modified, but to date the only verified phosphorylation site is Ser7 [17] . The presence of these sites at the distal end of a long and potentially flexible domain suggests the possibility for regulation of binding partner interactions, although such effects have not yet been demonstrated. The second phosphorylation site is at membrane proximal residue Thr53 [18, 19] . This residue is followed by proline, making it specific for proline-directed kinases such as Extracellular Signal Regulated Kinase (ERK). Phosphorylation of proline-directed sites substantially alters protein structure by regulating cis-trans isomerization of the phosphoacceptor-prolyl peptide bond [20] , and the location of this site suggests its potential to regulate transporter functions via impacts on TM1a or Arg60. The sequence flanking Thr53 (P-P-X-X-P) may also constitute an SH3 domain ligand for protein scaffolding [21] . Between the two phosphorylation domains is a region that undergoes ubiquitylation on Lysines 19 and 35 (and on hDAT Lys27), catalyzed by the ubiquitin E3 ligases Nedd4-2 and Parkin [22] [23] [24] . Modification by Nedd4-2 is likely monubiquitylation and is increased by PKC activation as a mechanism for stimulated endocytosis [22, 25] .
On the C-terminus DAT is modified by S-palmitoylation, the addition of a saturated fatty acyl moiety via a thioester bond. This occurs on Cys580 near the membrane-cytoplasm interface of TM12 and at one or more currently unknown residues [26] . Just downstream of this site is a motif at residues 587-590 (FREK) that binds the small ras-like GTPase Rin1 and dictates PKC-stimulated endocytosis [27, 28] . Other DAT regulatory partners include Syntaxin 1A (Syn1A), which binds N-terminal residues 1-33 [29, 30] , D 2 DA receptors, which bind residues 1-15 [31] , Calcium-Calmodulin Dependent Protein Kinase (CaMK) which binds C-terminal residues 612-617 [32] , -synuclein ( -Syn) which binds residues 606-620 [33] , Parkin, which binds to the C-terminus [34] , and the membrane raft protein Flotillin 1 (Flot1) whose binding site is not known [35] .
Regulation by kinases, post-translational modifications, and binding partners DAT is regulated by multiple signaling systems, with PKC and ERK being two of the most well-characterized [8] . Many neurotransmitter receptor systems including DA, opioids, and glutamate that impact DA uptake, dopaminergic signaling, and drug abuse characteristics could feed into these pathways [7, 36] . Although in most cases specific mechanistic links between these receptors and DAT remain to be established, functional interactions have been identified between DAT and D 2 DA receptors and G-protein subunits [31, 37] . DAT regulation mediated by signaling systems is complex, with some functions regulated by more than one pathway and some pathways regulating more than one function, indicating the presence of convergent and divergent mechanisms. Several recent reviews have discussed aspects of these issues in greater detail [2, 7, 38, 39] .
Protein Kinase C
Activation of PKC rapidly down-regulates DA transport capacity through effects on DAT endocytosis, transport V max , and efflux. Acute endocytotic regulation of DAT controls the number of transporter surface copies available to translocate DA [40] , whereas extended activation of PKC funnels DAT into lysosomal degradation for long-term regulation of transporter levels [25, 41, 42] . Most studies on acute endocytosis support clathrin-dependent processes [41] [42] [43] , and targeting to early, late, and recycling endosomes [25, 44] . Multiple mechanisms have been linked to PKC-stimulated DAT endocytosis, including N-terminal ubiquitylation [22] , Rin1 binding to the C-terminal endocytosis motif [27] , and possibly Flot1 interactions [35, 42] . It is not known if these processes function coordinately or independently, or drive DAT into the same or different subcellular compartments. PKCstimulated endocytosis of DAT is not prevented by removal of distal N-terminal serines [45] , indicating that an accessory protein rather than the transporter is the kinase target in this process. One possibility for this is Flot1, which loses ability to induce DAT endocytosis with S315A mutation [35] . PKC also reduces the rate of DAT plasma membrane recycling [46] , further enhancing the level of transporter internalization.
While endocytosis has been largely considered to represent the primary mechanism underlying transport down-regulation, several studies have now shown that DAT retains substantial levels of PKC-induced down-regulation when endocytosis is inhibited or cannot be detected [26, 47, 48] , indicating the presence of a kinetic mechanism for regulation of surface transporter activity. This may be driven by Ser7 phosphorylation, as S7A DAT shows no PKC-dependent down-regulation when internalization is blocked [49] . S7A DAT possesses altered conformational equilibrium that could underlie its loss of kinetic regulation, and this is accompanied by reduced cocaine analog affinity, suggesting a role for phosphorylation in modulating cocaine effects [17] . Activation of PKC by phorbol esters or G q -coupled glutamate receptors also stimulates DA efflux in slices of rat striatum or substantia nigra, [50, 51] , and may, like AMPH-induced efflux, be driven by DAT phosphorylation. PKC thus regulates DA reuptake capacity by multiple processes, an endocytotic mechanism driven by phosphorylation of DAT accessory proteins, a kinetic down-regulation mechanism mediated by Ser7 phosphorylation, and enhancement of efflux. In vivo these processes would be expected to increase extracellular dopamine and thus would be suitable targets for treatment of dopamine imbalance conditions.
Extracellular Signal Regulated Kinase
In contrast to PKC, which dampens DA reuptake, ERK increases DA transport capacity, demonstrating the ability of DAT to undergo bidirectional regulation and indicating that establishment of overall uptake set points involves integration of signals from these pathways. The role of ERK in regulation of DAT is most clearly seen in actions of DA and kappa-opioid receptors, which upregulate DA transport and DAT surface levels by ERKdependent processes [52] [53] [54] [55] . ERK inhibitors also suppress constitutive DAT surface levels and uptake activity [8, 36] , strongly indicating that ERK tonically exerts a positive effect on DA transport capacity that can be enhanced via receptor activation. One possibility for these effects involves DAT Thr53, as T53A mutation reduces DA transport V max [18] , consistent with the potential for ERK-mediated phosphorylation of this site to increase transport activity. In addition, while D 2 receptors activate ERK, they also directly interact with DAT to promote surface expression [31, 54] , and this interaction may be disrupted in schizophrenia [56] . PKC may also be involved in the mechanism of D 2 receptor regulation of DAT by ERK [57] , highlighting the complexity of these processes.
Palmitoylation
Palmitoylation is a dynamic and reversible lipid modification that regulates proteins in a manner analogous to phosphorylation-dephosphorylation. Acute pharmacological inhibition of DAT palmitoylation strongly reduces transport V max and enhances PKC-induced downregulation without affecting total or surface transporter levels, whereas longer-term inhibition or C580A mutation leads to enhanced DAT degradation [26] . These results indicate that palmitoylation functions to promote transport capacity and oppose both shortand long-term transporter down-regulation. These actions are opposite those induced by PKC, and DAT phosphorylation and palmitoylation mutants display reciprocal levels of these modifications [49] , indicating that phosphorylation and palmitoylation may define transporter populations possessing opposing levels of uptake activity or metabolic stability. Because overall DAT levels would help establish DA tone, it is possible that loss of appropriate DAT palmitoylation and degradation could lead to hypo-or hyper-dopaminergic conditions. The close proximity of Cys580 to the PKC endocytosis motif also suggests the potential for connections between these mechanisms, although this has not been investigated.
Syntaxin 1A
Syn1A is a plasma membrane protein originally characterized to interact with synaptic vesicle fusion proteins during exocytotic transmitter release, and is now known to regulate other proteins including neurotransmitter transporters. Syn1A binds to the distal N-terminus of DAT, and conditions that reduce its levels or prevent its interaction with the transporter lead to multiple effects including increased uptake and channel activity and decreased efflux and transporter phosphorylation [29, 30, 58] . These findings are consistent with Syn1A functioning to suppress transport and promote efflux by affecting N-terminal phosphorylation and/or TM1 conformation. Our current understanding of the physiological significance of these events is low, but it has been speculated that the ability of Syn1A to induce vesicular neurotransmitter release but inhibit transmitter reuptake may represent a mechanism for spatial or temporal coordination of these processes [59, 60] .
Cholesterol and membrane rafts
Membrane rafts are cholesterol-and sphingolipid-rich microdomains that are specialized for particular cellular functions such as receptor signaling via segregation of specific protein populations [61] . DATs are distributed relatively equally between membrane raft and nonraft domains [47, 62] with raft localization reducing transporter lateral membrane mobility [63] . DAT targeting to rafts is positively correlated with membrane cholesterol content [62, 63] , and requires the palmitoylated membrane raft organizing protein Flot1 [35, 42] . It is not yet known if palmitoylation of DAT plays a role in its raft distribution or interactions with Flot1. Raft partitioning has significant consequences for regulation of DAT, as rafts represent the primary sites of its PKC-stimulated phosphorylation [47] , interactions with Syn1A [30] , Rin1 [28] , and Flot1 [35] , and may represent sites for PKCstimulated endocytosis [35, 42] . Mis-targeting of DAT could thus affect processes such as efflux or down-regulation that are dependent on these mechanisms.
Cholesterol itself plays a crucial role in optimal DAT function. Depletion of cholesterol leads to reductions in DA transport activity, AMPH-stimulated efflux, and PKC-stimulated down-regulation, as well as alterations in transporter conformational equilibrium [47, [62] [63] [64] , suggesting the potential for links between DAT dysfunction and disorders of cholesterol. Because these processes are linked to transporter phosphorylation and binding partner interactions, their cholesterol dependence may result from membrane raft localization. However, some of these effects do not correlate with raft partitioning levels, suggesting the presence of raft-independent mechanisms [47, 64] . Cholesterol interacts with many proteins through Cholesterol Recognition Amino Acid Consensus (CRAC) motifs, which consist of the sequence L/V-X (1-5) -Y-X (1-5) -K/R and bind sterol via hydrophobic, aromatic, and H-bonding interactions [65] . Although it is not known if they are functional, DAT contains six CRAC motifs in regions of known importance including TM1a, TM6b, TM12 near the palmitoylation site, and the C-terminus near the endocytosis motif ( Figure  2A ). These sequences are highly conserved in the homologous norepinephrine and serotonin transporters, which are also cholesterol dependent and localized to membrane rafts ( Figure  2B ). DAT interaction with cholesterol via these motifs could thus conceivably contribute to its raft partitioning or influence functions irrespective of raft localization.
DAT dysregulation in disease
Dysregulation of DAT resulting in aberrant DA clearance has long been postulated to result in dopaminergic dysfunction [66] . While non-coding single nucleotide polymorphisms and variable number tandem repeats in the DAT gene have been associated with many DA disorders [67] more recent findings from animal and model systems of DA diseases have identified DAT coding polymorphisms and mutational/functional alterations in DAT regulatory partners. It is also well supported that abused drugs exogenously impact many crucial regulatory transporter properties.
Psychostimulant Drugs
Chronic use of cocaine and AMPH leads to long-term impacts on DAT levels and activities by mechanisms that are not understood [68, 69] . Substantial evidence now supports the alteration of multiple DAT regulatory processes by abused drugs and other transporter ligands [7] , indicating that these compounds not only act pharmacologically but also induce physiological changes that could lead to long-term transporter adaptations during addiction or therapeutic treatment regimens. In experiments done in vitro to distinguish direct impacts of drug pretreatments from those due to changes in neurochemistry, most studies have found little to no effect of uptake blockers on DAT regulation [70] while AMPH and METH induce pronounced alterations on DAT trafficking, V max , and efflux.
The effects of AMPH and METH on DAT surface levels and activity are complex and poorly understood. During the first few minutes of AMPH exposure, DAT undergoes plasma membrane recruitment and transport increases that presumably function homeostatically to clear the increased extracellular DA induced by the drug [71, 72] . Longer AMPH and METH treatments, however, induce transporter down-regulation [15, 73] and endocytosis [72, 74] that may serve to limit intracellular exposure to these neurotoxic compounds. Evidence indicates the presence of both kinetic and endocytotic downregulation mechanisms, as AMPH-induced transport down-regulation has been found to precede or occur in the absence of endocytosis [73, 75] . Some [15, 73] but not all [25, 76] studies support the involvement of PKC in these processes, and a recent study suggests that AMPH and PKC drive DAT into distinct endocytotic compartments [25] . Thus the extent of overlap of these drug-induced regulatory processes with those activated by PKC remains unclear. Importantly, it has been demonstrated that acute down-regulation of DAT by AMPH and METH occurs in vivo, as low dose regimens of drugs delivered intraperitoneally or by self-administration induce rapid reductions in striatal DA transport activity that reverse by 24-48h and are not accompanied by DAT protein losses [73, 75, 77, 78] . Some evidence also supports brain-region specificity in these processes, as AMPH-induced down-regulation of DAT in synaptosomes from nucleus accumbens occurs more slowly and to a lesser extent than that observed in striatum [73] , and in vivo METH treatments that down-regulate DAT in nucleus accumbens are without effect in hypothalamus [79] . This regionality indicates the presence of neuron-specific mechanisms that may provide the potential to target specific DA pathways in disease treatments.
AMPH and METH also stimulate DA efflux, which is thought to be a crucial element in their addictive properties [80] , although the mechanisms do not appear to be identical for each drug [81] . These processes are PKC -and CaMK-dependent [72, 82] , and PKC knock-out mice display decreased AMPH-induced efflux that correlates with reduced AMPH-induced locomotion [72] . Deletion of the DAT distal N-terminal serines or CaMK binding domain impairs AMPH-stimulated efflux [32, 83] , leading to the current paradigm that efflux requires CaMK-mediated phosphorylation of the transporter N-terminus. It is not known, however, if this occurs via direct CaMK phosphorylation of DAT, which has not yet been demonstrated, or if the CaMK dependency of these functions is mediated indirectly via cross-talk with PKC. Both CaMK and PKC phosphorylate the N-terminus of DAT on Ser13 in vitro (Figure 1) , suggesting this as a potential locus for stimulation of efflux by these kinases, although in vivo phosphorylation of Ser13 has not yet been demonstrated [17] . In addition, although most efforts to link DAT phosphorylation and efflux mechanisms have focused on distal serines, T53A DAT shows total loss of AMPH-stimulated 1-methyl-4-phenylpyridinium efflux [18] , suggesting a role for Thr53 and other N-terminal regions in this process. Hypotheses that have been forwarded to explain how the N-terminus and its phosphorylation could stimulate efflux include control of TM1a/transporter conformational equilibrium, regulation of DAT oligomerization, and enhancement of Na + affinity/DA binding at the inward transporter face [84] [85] [86] , but it is clear that we are still far from understanding the molecular events driving this process.
ADHD and bipolar disorder
Rare coding polymorphisms of DAT that result in amino acid substitutions at residues Val55, Arg237, Val382, Ala559, Glu602, and Arg615 (Figure 2A ) have been identified from patients diagnosed with ADHD and bipolar disorder as well as from non-diagnosed individuals [87, 88] . In vitro analyses have identified regulatory changes in four of these variants. Val substitutions of Ala559, which is found at the extracellular end of TM12, have been identified from both ADHD and bipolar patients [88] . A559V DAT displays elevated tonic efflux that could result in the high extracellular DA levels thought to be associated with these disorders. The elevated efflux is CaMK-dependent and mediated by D 2 DA receptors, consistent with involvement of endogenous signaling and phosphorylation mechanisms. In addition, the enhanced level of efflux is inhibited rather than stimulated by AMPH, providing a possible explanation for the paradoxical actions of AMPH-based treatments in ADHD [86, 89] . A second mutation identified from an ADHD patient occurs at Arg615, which is present within the C-terminal tail CaMK binding site. Cys substitution of this residue causes numerous regulatory alterations including increases in transporter phosphorylation and decreases in Flot1 binding, membrane raft partitioning, and PKC-and AMPH-induced endocytosis [90] . These properties have been interpreted as the transporter existing in a state of chronic down-regulation that would result in elevated extracellular DA. The other two polymorphisms generate Ala substitutions at Val382, present in extracellular loop 4, which stabilizes the extracellular gate, and Val55 located between Thr53 and Arg60 in the N-terminal tail. V382A DAT displays decreased DA affinity, increased cocaine affinity, and altered PKC-dependent regulation [91, 92] , while V55A displays increased DA K m and decreased cocaine affinity [48, 92] . The position of these residues suggests the possibility that these transport and binding changes could result from impacts on transporter conformational equilibrium. The identification of DAT mutations in individuals not diagnosed with DA disorders supports the hypothesis that these complex diseases may result from the convergence of multiple mutations or dysregulated events that synergize to affect DAT functionality, such that a single mutation alone may be insufficient to induce dysfunction [88] .
Angelman syndrome
Angelman syndrome is a neurological disorder characterized by tremor and Parkinson's Disease (PD)-like symptoms, suggesting a link to DA [93] . It results from a defective maternally inherited allele of an E3 ubiquitin ligase that causes reduction of CaMK activity through increased inhibitory autophosphorylation [94] . In a mouse model of Angelman syndrome, DAT showed suppressed AMPH-induced efflux that could result in decreased synaptic DA levels consistent with a PD-like phenotype [82] . These effects occurred without alterations of DAT levels or changes in CaMK binding to DAT, suggesting that loss of CaMK enzymatic activity drives the response, consistent with in vitro mechanistic studies of efflux.
Parkinson's disease
PD is characterized by the gradual loss of dopaminergic neurons in the substantia nigra. Because DAT is a dopaminergic specific gateway for neurotoxic compounds including DA, 6-OHDA and 1-methyl-4-phenylpyridinium, dysregulated transport has been postulated as a mechanism that could contribute to disease development [66] . Although most forms of PD are idiopathic, two familial forms are caused by mutations or overexpression of -Syn and Parkin, both of which affect DAT regulatory processes.
-Syn is a small membrane-interacting scaffolding protein whose function and role in inducing PD are poorly understood. -Syn binds to the distal C-terminus of DAT, where it could conceivably compete with CaMK and affect related regulatory properties, and recent work indicates that -Syn impacts DAT-mediated ion currents that may alter DA neuron function [95] . Some studies support -Syn acceleration of DA-induced apoptosis [33] , supportive of a role in induction of neuronal death through enhanced transport of neurotoxic compounds. However, many conflicting results regarding the effects of -Syn on DAT levels, trafficking, and activity have been found [96, 97] , leaving us without a clear mechanistic understanding of the significance of this interaction.
The E3 ubiquitin ligase Parkin exerts a positive role in normal DAT function by regulating transporter ubiquitylation and degradation. Mutations of Parkin that cause PD have been linked to loss of DAT quality control via failure of the mutant proteins to ubiquitylate misfolded transporters [24] , which accumulate and induce dominant-negative effects on DA uptake that could be associated with DA toxicity. Parkin also interacts with the C-terminus of DAT and in vitro has been found to disrupt DAT--Syn interactions and suppress -Syninduced DA neurotoxicity [34] . In addition, although the underlying mechanisms are not known, several inactivating point mutations in DAT have been identified in patients suffering from Infantile Parkinsonism-Dystonia [98] .
Concluding remarks
The findings described here indicate that DAT functionality exists within a regulatory continuum that could potentially be exploited therapeutically to modulate extracellular DA levels in disease states. This could be accomplished by activating or inhibiting enzymes that catalyze DAT post-translational modifications or by targeted modulation of its binding partner interactions to drive increased or decreased DA reuptake. Improved understanding of these modifications and binding partner interactions as well as elucidation of N-and Cterminal domain structures will be crucial towards further understanding these regulatory events and how they may serve as therapeutic targets or contribute to diseases. These studies have also shown that uptake dysregulation can occur with no obvious alterations in transporter levels, demonstrating that some deficits may not be revealed by measurement of DAT protein or uptake/binding activities alone and that identification of transporter functional adaptations in various experimental or disease conditions may require analyses specifically designed to probe regulatory responses. 
